Objectives: To describe dietary glycaemic index (GI) and glycaemic load (GL) values in the population participating in the European Prospective Investigation into Cancer and Nutrition (EPIC) study according to food groups, nutrients and lifestyle characteristics. Methods: Single 24-h dietary recalls (24-HDRs) from 33 566 subjects were used to calculate dietary GI and GL, and an ad hoc database was created as the main reference source. Mean GI and GL intakes were adjusted for age, total energy intake, height and weight, and were weighted by season and day of recall. Results: GI was the lowest in Spain and Germany, and highest in the Netherlands, United Kingdom and Denmark for both genders. In men, GL was the lowest in Spain and Germany and highest in Italy, whereas in women, it was the lowest in Spain and Greece and highest in the UK health-conscious cohort. Bread was the largest contributor to GL in all centres (15-45%), but it also showed the largest inter-individual variation. GL, but not GI, tended to be lower in the highest body mass index category in both genders. GI was positively correlated with starch and intakes of bread and potatoes, whereas it was correlated negatively with intakes of sugar, fruit and dairy products. GL was positively correlated with all carbohydrate components and intakes of cereals, whereas it was negatively correlated with fat and alcohol and with intakes of wine, with large variations across countries. Conclusions: GI means varied modestly across countries and genders, whereas GL means varied more, but it may possibly act as a surrogate of carbohydrate intake.
Introduction
Carbohydrates are traditionally classified according to their saccharide chain length as 'simple sugar' or 'complex carbohydrate'. However, Jenkins et al. (1981) developed a more physiological classification on the basis of postprandial glycaemia. The so-called glycaemic index (GI) of a food is determined by comparing blood glucose response to ingestion of 50 g available carbohydrate (i.e., total carbohydrate minus fibre) from a test food with that of a reference food (either glucose or bread). The GI ranks carbohydrates in foods on a scale of 0-100 according to this blood glucose response, with o55 considered low, 56-69 considered medium and 470 considered high. Later, the term 'glycaemic load' (GL) was introduced, which takes into account differences in portion sizes of carbohydrate-containing foods, meals or diets. Diets based on low-GI carbohydrates have been shown to improve (serum) triglyceride levels, total cholesterol levels and the ratio of low-to high-density lipid proteins (Jenkins et al., 1987; Riccardi et al., 2008) , whereas hyperglycaemia, hyperinsulinaemia, as well as faster digestion and absorption are characteristic post-prandial effects of high-GI foods (Wolever, 2000) . A high habitual dietary GI seems to favour overweight (Ludwig, 2003) , and direct associations between high GI and/or GL have been found for different types of diseases, including non-insulin-dependent diabetes mellitus, obesity, cardiovascular disease and cancer (Du et al., 2006; Barclay et al., 2008) , but results are still contradictory. It seems that for certain diseases, the association with dietary GL is only present among certain subgroups, such as overweight Beulens et al., 2007) and sedentary individuals (Michaud et al., 2002) or in pre-menopausal women with a body mass index (BMI) 425 kg/m 2 (Cho et al., 2003) .
So far, GI and GL values have been difficult to compare across studies and populations because of differences in the application of the GI database and because of a lack of comparability and detail in dietary data. In addition, the correlates of GI and GL with foods, nutrients and lifestyle characteristics have been studied only once in an American population (Schulz et al., 2005) .
To help understand the potential health impact of dietary GI and GL, we endeavoured to gain an insight into their distribution across various lifestyle strata, and their correlation with foods and nutrients in a free-living population, using a unique dataset of highly detailed, standardized 24-h dietary recalls (24-HDRs) from the European Prospective Investigation into Cancer and Nutrition (EPIC) study and a recently developed ad hoc standardized GI and GL database ).
Materials and methods
The EPIC study is a prospective cohort study originally involving 519 978 subjects in 23 centres in 10 western European countries. All study subjects filled out a countryand/or centre-specific dietary questionnaire and, to calibrate these data, a subsample of the cohort was approached for a single 24-HDR. This calibration study was undertaken between 1995 and 2000 to improve the comparability of dietary data across centres and to correct partially for dietary measurement error caused by centre-specific bias and random and systematic within-person errors (Willett, 1998; Ferrari et al., 2004) .
Study population
This study involved the population subsample that completed a 24-HDR interview for calibration purposes in the EPIC study. It was based on an age-and gender-stratified random sample of 5-12% (United Kingdom 1.5%) obtained from each of the EPIC cohorts, weighted according to the cumulative numbers of cancer cases expected over 10 years of follow-up per gender and 5-year age strata. Most centres were population based, but some included particular populations, such as blood donors (centres in Italy and Spain), subjects in cancer screening programmes (Utrecht, The Netherlands) and a 'health-conscious' cohort, mainly lactoovo vegetarians or vegans, recruited by the Oxford centre in the United Kingdom (Riboli and Kaaks, 1997) . Men and women were represented in most centres, except in France, Norway, Utrecht (The Netherlands) and Naples (Italy), from where only women were recruited .
The initial number of subjects was 36 994, which was reduced to 36 034 after the exclusion of subjects below 35 or above 74 years of age. For the present analyses, 2468 diabetic subjects were also excluded (6.8%, too few to perform stratified analyses), because they might have changed their diet in favour of low-carbohydrate foods, leaving 11 978 eligible men and 21 588 women.
Dietary data and non-dietary variables
A single 24-HDR was obtained by face-to-face interview, except in Norway where it was obtained by telephone, a validated alternative approach (Brustad et al., 2003) . Data were collected between March 1995 and June 2000. The interviewers used EPIC-SOFT, a specially designed computer programme, to enter dietary data in a standardized manner with several control steps, for example, with regard to food portion sizes and missing quantities . Nutrient values were derived from the ENDB (EPIC Nutrient Database) and were thus standardized among the participating countries Slimani et al., 2007) . Missing carbohydrate components in the original national datasets (e.g., Sweden) or definitions that differed from the reference ENDB definitions (e.g., Denmark) were corrected in the final national datasets (Slimani et al., 2007) . The definitions of all nutrients (including carbohydrates) and the methods used to determine their values in each centre and standardize values across centres have also been described in detail (Slimani et al., 2007) .
Data on other lifestyle factors, including education level, total physical activity and smoking history considered in this analysis, were collected at baseline through standardized questionnaires and clinical examinations, and have been described for the calibration sample elsewhere (Haftenberger et al., 2000a, b; Riboli et al., 2002) . Data on age as well as body weight and height were self-reported by participants during the 24-HDR interview. The mean time interval between these baseline questionnaire measures and the 24-HDR interview varied by country, from 1 day to 3 years later .
Calculation of dietary GI and GL
Glycaemic index values with glucose as the reference scale were assigned to the items reported in the 24-HDRs in a standardized manner as described in detail elsewhere . Briefly, foods reported in the 24-HDRs were selected on the basis of the GI value of the food while considering aspects of the food that might influence GI (e.g., cooking method, preservation method, sugar content and country-specific types of food). GI values obtained from the Foster-Powell table (Foster-Powell et al., 2002) , British values (Henry et al., 2005) , internet updates (http://www.glycemicindex.com) and some communicated values from GI experts (J Brand-Miller and T Wolever, personal communication) were then assigned to individual food items. Food items containing no or negligible amounts of carbohydrates or that do not increase blood glucose levels (chiefly meat and fish, fats, eggs) were not assigned a value. Average dietary GL was calculated by adding up the products of digestible carbohydrate of each food (quantity per day) and its GI. Average dietary GI was calculated as GL, but by dividing by the total amount of digestible carbohydrate in 1 day (Wolever et al., 1994) .
Statistical analysis
The 23 original centres of the EPIC study were redefined into 27 centres and geographical regions as described elsewhere . Data were presented by study centre or country, separately for men and women when justified, and ordered geographically on the basis of a south-north gradient.
Dietary GI and GL values were calculated as means and s.e. using generalized linear models. Minimally adjusted means were adjusted for age and weighted for day of the week and season to control for different distributions of participants across seasons and days of 24-HDR. We examined the independent effect of adjustment of several potential confounders-including height, weight, total energy intake, BMI, smoking status, highest education level and physical activity-on mean GI and GL values, centre rankings and on the R 2 of the model as an estimation of the percentage variability of GI/GL that is explained by the potential confounder. In 'fully adjusted' models, we retained total energy intake (strong influence on mean GL), as well as height and weight (considered a priori potentially important predictors of carbohydrate intakes and thus influencing GL), in addition to weighting by season and day of the week. Although none of the confounders explained a sufficient variation for GI, for the sake of comparability, the same confounders as those for GL were retained. Separate analyses in which these confounders were not adjusted for showed no significant differences in the results. Stratified analyses were carried out to determine differences in intakes of dietary GI/GL according to BMI category (o25, 25p30, X30 kg/m 2 ), smoking status (never, former, current), education level (primary, secondary/technical college, university), physical activity (inactive, moderately inactive, moderately active, active), season and day of the week of 24-HDR.
The relative contribution of individual food groups to overall dietary GL was calculated using a food group classification adapted from the original EPIC-SOFT programme (Slimani et al., 2000; Wirfalt et al., 2002) with more details at the subgroup level. The food groups 'soups' and 'sauces' were combined to 'soups and sauces' as few items had a GI value, whereas food groups with no GI values were excluded (e.g., eggs, fat).
A stepwise linear regression was performed to determine, within centres, which food groups contributed most to the inter-individual variation of dietary GI and GL. As only one 24-HDR was available per subject, conclusions on intakes at the individual level cannot be drawn, only insights into which food groups have the most effect when counselling on GI and GL reduction can be obtained. Furthermore, together with the results on the relative contribution of food groups to GL, linear regression can help to identify food groups for which it is important to analyse country-specific GI values to discriminate better between people. The model contained 25 food groups and age. The significance for entry into the model was set at Po0.1. The five food groups explaining most of the within-centre differences in dietary GI and GL were listed, as well as other food groups that contributed at least 1% of the total variation, the partial and model R 2 s. The linear relationships between daily food group as well as nutrient intakes and dietary GI and GL were evaluated overall and at the country level in correlation analyses. As gender differences were minor, results were not presented separately for men and women. As the distributions of most food groups and nutrients were positively skewed, logtransformed values were used to calculate correlation coefficients (for food groups, 1 was added to each value to account for some individuals with zero intakes in these variables). Results were adjusted for gender, age and centre, and weighted for day of the week and seasons. Food group and nutrient intakes were adjusted for total energy intake using the residual method (Willett and Stampfer, 1986) .
Analyses were performed using SAS (version 9.1, SAS Institute, Cary, NC, USA). A P-value o0.05 was considered statistically significant. Relative contribution of each food group to overall dietary GL Of all the food groups, bread contributed the most to dietary GL in all centres and for both genders, ranging from B15% for both genders in Umeå (Sweden) to 40% in Aarhus (Denmark) for women and 45% in Navarra (Spain) for men (Figures 2a and b) . Supplementary information is available on the EPIC website (http://epic.iarc.fr). In women, the second highest contributor to dietary GL was fruit in the southern centres (except Varese and Naples), in the UK health-conscious cohort, in Germany and in South and East Norway (9-17%), whereas cakes scored second in the UK general population, in Bilthoven, Sweden, Aarhus and Varese (10-14%), potatoes in Utrecht, Copenhagen and in North and West Norway (9-11%) and pasta in Naples (12%).
Results

Mean dietary GI and GL
In men, fruit was the second highest contributor in Greece and-except for Asturias-in Spain (11-15%). Pasta was the second highest contributor in the Italian centres (12-15%), potatoes in Asturias, Potsdam and in both centres in Sweden and Denmark (10-14%), sugar and confectionery in Bilthoven (13%) and cakes in both British centres and in Heidelberg (9-13%). Large differences were observed for the contribution of pasta, breakfast cereals, crispbread and vegetables. Among both alcoholic and non-alcoholic beverages, clear north-south gradients could be distinguished, with higher contributions in the northern than in the southern countries. Of the alcoholic beverages, beer was the main contributor to dietary GL but the contribution was significant only in men in northern European centres.
Stratified analyses according to lifestyle factors
None of the trends for adjusted dietary GI or GL differed statistically between BMI category, educational level, physical activity and smoking status, day of the week and season of the year (data not shown but available on the EPIC website: http://epic.iarc.fr). However, higher GI values were generally associated with higher physical activity and current smoking in men. Higher GL values were generally observed in subjects with lower BMI, in never-smokers of both genders and in physically active men with a technical school level education, but were lower in women with a university degree. Both UK centres showed a strong GL peak on Saturday. Across seasons, GI differences were observed for Greece and for the United Kingdom only, whereas GL differences were observed in the UK health-conscious cohort only.
Inter-individual variation of GI and GL For both genders, bread explained most of the interindividual variation in dietary GI and GL, especially in Southern Europe (Tables 2a and b ). The inter-individual variation in both GI and GL was explained by fewer food groups in the southern than in the northern centres. Tables 3a and b show the crude and adjusted overall and adjusted country-specific linear Pearson's correlations of individual dietary GI and GL with nutrients, and Tables 4a and b show the crude and adjusted overall and adjusted country-specific linear Pearson's correlations of GI and GL with food groups, for men and women combined.
Individual correlations between dietary GI, GL and nutrients and food groups
Nutrients. Except for starch, unadjusted dietary GI correlated very weakly with total energy, total carbohydrates, sugar (monosaccharides and disaccharides negatively), fat, protein, alcohol and fibre (Table 3a) . After adjustment, only S o u t h F r a n c e N o r t h -E a s t F r a n c e N o r t h -W e s t F r a n c e H e id e lb e r g the correlation for starch remained positive, whereas lower sugar intakes were associated with increased GI. Across countries, starch and sugar correlates showed clear differences, but no evident north-south tendencies could be distinguished. Gender differences were minor.
A different picture was observed for the correlations between nutrients and dietary GL (Table 3b ). All crude correlation coefficients, except for alcohol, were significantly positive. However, when total energy was taken into account, significant negative correlations were observed for fat and alcohol and, to a lesser extent, for protein. Across countries, clear differences were found for all correlates, with north-south tendencies for total carbohydrates, starch and alcohol. Marked differences in correlation coefficients between genders were found only in the UK health-conscious cohort for most nutrients (data not shown).
Food groups. Overall, higher GI values were related to higher intakes of white bread and potatoes, and to lower intakes of fruit, dairy products and legumes (Table 4a ). These figures did not change after adjustment. Correlations with the other food groups were of minor importance. Across countries, adjusted correlates differed widely. The most interesting observations were the GI correlates for non-white bread, which were negative for Sweden (r ¼ À0.18) and Germany (r ¼ À0.16) but were positively correlated in all other countries. Gender differences were minor except in the UK general population for protein (men: À0.39, women: À0.01) (results not shown).
Increased GL values were related to higher intakes of cereal (products), in particular bread (irrespective of the type), sugar/honey/jam, and sweet buns/cakes/pies, but the correlation values were attenuated considerably after adjustment, eliminating cakes as an important correlate of dietary GL (Table 4b ). For meat, fat and wine, correlations inversed, indicating that higher GL diets were lower in these foods under iso-energetic conditions. At the country level, large differences were found for most food groups. Interesting observations were the absence of a correlation with bread in Germany (r ¼ 0.09) and Sweden (r ¼ 0.03), the fact that France scored the highest for the correlation with sugar and confectionery (r ¼ 0.29) and that Italy scored the lowest for fruits (r ¼ 0.11). Differences between genders were minor, apart from the UK healthconscious cohort for potatoes (men: 0.24, women: 0.42), fruits (men: À0.03, women: À0.28), bread (men: 0.11, women: 0.31) and breakfast cereal (men: 0.31, women: À0.02) (results not shown).
Discussion
This study was undertaken to examine the complex associations of GI and GL with food groups, nutrients and lifestyle factors across free-living populations with large differences in dietary intakes.
Mean GI in both genders and GL values in women were in the same range as those recently reported in a meta-analysis by Barclay et al. (2008) , but for men in more than half of the EPIC centres, mean GL values were higher than the range reported in that study, perhaps because the meta-analysis covered mostly studies of American origin. GL values for male subjects in Ragusa (Italy) exceeded the values for men in all other centres, which is probably mainly because of the high consumption of pasta. A similar pattern was observed for total carbohydrate intakes (Cust et al., 2009) , which suggests that GL is a surrogate of carbohydrate intake. The correlation analysis between GL and total carbohydrate also showed a very high correlation for the unadjusted value, but this figure improved on adjustment for energy. In an earlier study by our group using dietary questionnaire data, the high correlation between these two variables could not be improved on adjustment for energy .
The contribution of some of the food groups to dietary GL gave a slightly different picture from that of carbohydrates (Cust et al., 2009) . Bread was a more important contributor to overall dietary GL than to total carbohydrates because of its relatively high GI values, whereas fruit, pasta and dairy products contributed less because of their relatively low GI values (Foster-Powell et al., 2002) . Food groups contributing principally sucrose as sugar, such as 'sugar and confectionery', 'cakes' and 'carbonated drinks', contributed fractions to overall GL similar to those for carbohydrates.
Bread contributed the most in terms of quantity to dietary GL, but was also the main determinant of inter-individual variation in dietary GI and GL. This knowledge can help dieticians when counselling on a diet low in GI and GL, and Food groups that were not among the first five, but which were entered in the model. Food groups that were not among the first five, but which were entered in the model.
it shows that for this food it is important to further analyse country-specific GI values to improve the discrimination of dietary GI and GL between individuals. From the stratified analyses it seemed that, in women, a higher GL corresponded to lower BMI (o25 kg/m 2 ), higher education level and non-smoking, whereas in men it corresponded to lower BMI, higher physical activity, technical school education and non-smoking. Although high dietary GL has been associated with several diseases (Barclay et al., 2008) , in our study, a higher GL was associated with a healthy BMI. Apparently women with a higher education have healthier lifestyles and generally follow dietary guidelines to consume more carbohydrates, which consequently leads to a high dietary GL, whereas in men GL seems to be more related to a physically active job. On the other hand, in men only, higher GI values were related to higher physical activity and current smoking status, partly confirming results from an earlier study that found an association between higher GI in subjects with no high school education and current smoking status (Schulz et al., 2005) .
In both unadjusted and adjusted models, a high GI diet was characterized by high starch and low sugar intake at the overall European level, whereas there was no relation with total carbohydrate, protein, fibre and alcohol. Across countries, however, larger differences were found, particularly for fibre and alcohol; negative GI correlations were observed in Italy and Spain for fibre, and in the Netherlands, in the UK general population and Norway for alcohol. Apart from the inverse result for sugar that we shared with Schulz et al. (2005) , and the absence of a relation with fibre found by Livesey et al. (2008) (although only true at the overall level), our results were quite different from those of earlier studies on nutrient correlates that reported inverse associations with total carbohydrates (Jonas et al., 2003; Scholl et al., 2004; Schulze et al., 2004; Schulz et al., 2005) and protein (Schulz et al., 2005) . With regard to fat, some studies have found positive trends with total fat (Jonas et al., 2003; Scholl et al., 2004; Schulz et al., 2005) , as well as a negative trend with animal fat (Buyken et al., 2001) , across GI quintiles. The negative correlation with alcohol found by Sahyoun et al. 
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Legumes, dried À0.11*** À0.12*** À0.20*** À0.27*** À0.09*** À0.07*** À0.11*** (2008) was observed in our study at the country level only (The Netherlands, the UK general population and Norway) and thus seems to be a population-dependent food pattern effect. In terms of foods, a higher intake of potatoes and white bread, which are rich in carbohydrates, was related to increasing GI, probably explaining the positive correlation of GI with starch, whereas a decreased intake of fruit and dairy products was related to increased GI, probably explaining the negative correlation with simple sugars present in these foods. The higher intakes of regular soft drinks and non-or low-carbohydrate foods (meat, fat, beer) and lower intakes of legumes are probably dietary food pattern effects, that is, people who consume potatoes and white bread generally also consume more meat, fat, beer and soft drinks and fewer legumes. Only in the northern European countries did we observe generally higher correlates for soft drinks, beer and dairy products. Similar results were found in the study by Schulz et al. (2005) , except for legumes, which were negatively related to GI in their study. In addition, they found negative relations for adjusted GI with vegetables, pasta, fruit juices, fish and wine, and positive relations with eggs (Schulz et al., 2005) , which we did not find at the overall level, although some of these correlations were observed at the country level. Our most surprising finding was the correlation with non-white bread, which was negative in Germany and Sweden, while being close to zero in Spain and in the UK health-conscious population and positive in other countries, with the highest correlation in Greece. Perhaps this is because of the fact that this food comprises relatively heterogeneous items, including wholemeal and brown breads, which contain very different amounts of wholemeal flour across countries. A possible explanation for the negative correlations in Germany and Sweden may be the prevalent cereal source and/or bread leavening processes in non-white breads (i.e., in rye and sourdough fermentation), which are both factors that markedly reduce the GI of bread (Liljeberg et al., 1995) . However, non-white bread in Denmark is also mainly made from rye flour and sourdough.
In the unadjusted model, GL was highly correlated with proteins, lipids, fibre and total carbohydrate and with its individual components. After energy adjustment, the correlations with fat and protein inversed and became negative for alcohol, with the northern European countries generally having stronger negative correlations. This means that under iso-energetic conditions, high-GL diets are lower in fat, protein and alcohol. Although similar results for fat and protein were obtained earlier by Schulz et al. (2005) , they reported a positive association with alcohol, whereas we, along with others (Salmeron et al., 1997; Michaud et al., 2002; Higginbotham et al., 2004; Schulze et al., 2004) , found a negative relationship. However, this may be because of the fact that beer was assigned a hypothesized value of 95 and wine of 61 by Schulz et al. (2005) , whereas we assigned a communicated value of 66 to beer and no value to wine, and in the other studies no value was assigned to alcoholic beverages.
In terms of food groups, GL is strictly correlated with carbohydrate-rich foods. Interestingly, after bread, the food group honey/sugar/jam correlated the most, although its contribution to total GL was only between 3.7 and 8.6%.
At present, no recommendations on dietary GI and GL exist. However, results from a recent meta-analysis have shown that an average dietary GI below B49 and an average dietary GL below B92 are associated with reduced risk of chronic disease (Barclay et al., 2008) . At the population level, all EPIC centres exceeded these thresholds for GI and GL.
In conclusion, bread seemed to be the highest contributor to GL but it also contributed the most to the variation in dietary GL across subjects. The most stable contributor to GL across subjects was fruit. Both the relative contribution and daily variance provide important information when it comes to counselling on dietary GI and GL, that is, to opt for low GI foods within a high contributing group; for example, in the case of bread, choosing rye bread or sourdough-leavened bread and in the case of fruit, choosing apples or oranges instead of bananas. In addition, to improve discrimination between people's GI and GL, future foods to be analysed should be selected from these food groups.
As high GI/GL values are positively related to poor lipid and glycaemic blood profiles (Jenkins et al., 1987; Wolever, 2000; Riccardi et al., 2008) , and may be related to different types of diseases (Du et al., 2006; Barclay et al., 2008) , population GI/GL recommendations are urgently required. They may in turn have an influence on current carbohydrate recommendations, which do not differentiate between highand low-GI carbohydrates.
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